Introduction. Many proteins are known to function in living cell as supramolecular structures, which include 2 and more molecules [1 ] . For instance the oligomerdependent modification of enzyme activity is well demonstrated for such proteins as muscle phosphofructokinase [2] [3] [4] or erythrocyte Ca 2+ -ATPase [51. The determination of real molecular weight and size of different molecular species is of vital importance for their characterization. At present there is no more fundamental tool for measuring mass and size of molecules than light scattering in conjunction with liquid chromatography. This technique has been de veloping intensively for last decades [6] [7] [8] [9] [10] [11] [12] and now complies with the most inexorable demands of many researchers.
In this paper we demonstrate the possibilities of this new approach for characterization of myosin light chain kinase (MLCK), a key regulatory enzyme of smooth muscle contractile system. We have also used the laser correlation spectroscopy, which along with multi-angle light scattering has enabled us to find out equilibrium distribution of different kinase species in weight percents. These two methods used together permit to obtain rather complete characterization of proteins studied.
In our investigations we have used for the first time the procedure of decomposition of mass sensitive and light scattering elution profiles into individual monopeaks that allows more careful analysis of the data obtained. We have also used for the first time the interruption of elution in specified points to evaluate time of different species transition to equilib rium state.
Materials and Methods. Protein preparation. MLCK and Ca 2+ -calmodulin (CaM) were purified from turkey gizzard as described elsewhere [13] [14] [15] . Their concentrations were determined using absorp tion coefficient of Л ш 1 %ss 11.4 and A 21 s °/ o = 1.0, respectively, for MLCK and CaM [16] . All light scattering experiments were carried out in the buffer AA of the following composition (mM): KC1, 60; MgCl 2 , 2; dithioerythritol, 0.5; imidazole, 10; with pH adjusted to 7.5 at 4 °С Unless otherwise stated 100 mM NaCl was added to this buffer during all measurements. All other experimental details are given in the corresponding legends to figures.
Laser correlation spectroscopy. Laser correlation spectroscopy (LCS) was applied to detect directly different MLCK species in solution. Helium-neon laser («Spectrophysics», USA) operating in one mode regime with wavelength 632.8 nm and power 50 mW was used as the light source. Laser beam was focused by precision optic system («Optimation GmbH», Ger many). Emission scattered by the solution studied was collected by the system of lenses at right angles to the laser beam direction. To identify the kinase particles some experiments were performed on light scattering dependence on the angle of registration. The apparatus was supplied with Goniometer ALV/SP-86 («Optimation GmbH»). Autocorrelation function of scattered light intensity fluctuations was measured by correlator K7032 («Malvern, Instru ments Ltd.», UK). Analysis of the autocorrelation functions obtained was carried out on PC according to the regulation procedure described elsewhere [17] . LCS together with the mathematical program of regulation enables to obtain information about both effective hydrodynamic diameters of particles and their relative distribution in solution. The results of sample measurements by the LCS method are presen ted as a histogram, which reflects the form of the particle size distribution function. The bar height in the histogram is proportional to the relative contri bution of the given size particles into the total light scattering spectrum in a given interval. The regulation program reconstructs the size distribution function in 32 points. Because of the broad range of the particle sizes the distribution function is presented in the logarithmic scale. To get rid of dust particles the protein solution was cleared before measurement with Millipore filter (0.22 /urn).
Multi-angle light scattering photometry. Multiangle laser light scattering in conjunction with the system of fast protein liquid chromatography (FPLC) was used to obtain characteristics of the MLCK species (molecular mass and size) in the course of their elution from chromatographic column. Light scattering was measured on the Wyatt Dawn multiangle laser photometer, model F («Wyatt Technology Corporation*, USA) at the laser wavelength 632.8 nm. Signals from 18 photodiodes were sent to a 19 channel A/D converter and then to a computer. The 19th channel was used for a signal from a mass sensitive UV detector placed between the column and flow cell of the photometer. Standard base FPLC («Pharmacia LKB Biotechnology*, Sweden) included the following elements: controller GP-250, high precision pump P-500, valve V-7 with 500 JU\ loop, recorder REC-102, ultraviolet monitor UV-1. 8ml gel-filtration column (6 x 284 mm) was packed with Sephacryl S-300. The connecting tubing between the column and the photo meter was selected of a possible minimal length so that UV monitor -Dawn photometer volume delay was 0.16 ml and column -UV monitor delay was 0.1 ml. Eluent flow rate was 0.25 ml/min. All solu tions before using them for chromatography were carefully degassed and filtered through Millipore 0.22 fim.
Light scattering data were analyzed on PC using Wyatt ASTRA software. At calculations we assumed values for specific refractive index increment dn/dc-= 0.17 ml/g and for the second virial coefficient A2 = = 0. The least-squares fit (LSF) degree was chosen 2 because of rather large MLCK oligomer size. Wyatt EASI software was used to plot the calculated data.
Results. Distribution of different MWK species in solution at equilibrium. We evaluated MLCK species distribution by size using LCS method [18] . Fig. 1 shows typical pattern of such distribution for the kinase solution at 4.9 /Ш concentration. More correct data obtained as average of 17 measurements are following:
where Z) av m , Dj, £> av° are average hydrodynamic diameters of MLCK monomer, dimer and oligomer, respectively.
Light scattering in the interval of 1266-5000 nm occurs due to the presence of small quantity of the dust particles, which are very difficult to remove completely by the filtration. The other components were related to the kinase particles, which was confirmed by the dependence of their scattering on the angle (data not shown). It should be pointed that the regularisation program used in the LCS method provides size for spherical particles. Therefore, hyd rodynamic sizes obtained by this method for globular proteins are close to their true sizes, that we were able to confirm in control experiments with bovine serum albumin. However, the hydrodynamic size obtained for proteins differing strongly from sphere is a rather conditional value. It applies in full measure to MLCK which was evaluated by ultracentrifugation method to be a rod-shaped molecule of 50 nm in length and 2.2 nm in diameter [19] . Close by dimentions (60 * 2 nm) is myosin subfragment-2 (SF2) [20] . SF2 hydrodynamic diameter was found by the LCS method to be of 10.8 nm [21 ] . Accor dingly, we identified particles with D av = 7.5 nm in 6-9 nm interval ( Fig. 1 It must be emphasized that owing to the small size of CaM molecules and their low concentration the contribution of the light scattering from CaM was negligible under our experimental conditions. The results obtained showed that Ca 2+ -CaM binding to the kinase at both high and low MLCK to CaM ratios had practically no influence on the size of enzyme species and their relative concentrations, which were almost the same as for inactivated enzyme (apoenzyme).
Elution of different MLCK species from chroma tographic columns. To get information about the different kinase species we investigated light scat tering of the kinase eluting from a short gel filtration column using the FPLC set-up connected to the Wyatt multi-angle light scattering photometer. The column did not serve to separate the species but to produce continuous distribution of the kinase at wide range of its concentrations, besides removing the troublesome dust particles. Fig. 2 , A, shows characteristic elution profiles obtained with the FPLC UV-monitor (curve 1) and Wyatt DAWN light scattering photometer (curve 2). In the case of a monodisperse sample these curves must coincide within some constant factor [12] . In our case they have complex shape as a result of several elution peaks overlapping. Using similar plots obtained for monodisperse systems (bovine se rum albumin, insulin, highly aggregated kinase pre parations, polysterene of M r -30 kDa and M r = = 200 kDa) we decomposed these plots into contri butions from individual peaks (Fig. 2, B) . Analogous approach was used to decompose complex heat ab sorption profiles into single components [22] . The main requirements to be satisfied by this procedure are the following: a) the sum of the monopeaks must produce the original elution profile; b) the corres ponding light scattering and UV-absorption monopeaks must coincide within some constant factor. As shown in Fig. 2 , B, UV-adsorption curve (J) is decomposed into three overlapping monopeaks with maxima at 3.8 ml (a 0 ), 5.0 ml (a d ) and 6.4 ml (a m ). We assigned these peaks, respectively, to the oligomeric, dimeric and monomelic kinase species. They correspond to the overlapping monopeaks s°, s 3.6-3.7 ml (oligomer), 5.1-5.5 ml (dimer) and 7.0-7.5 ml (monomer). These intervals can be used to calculate the relative contributions of the individual kinase species into the light scattering profiles.
More accurate results we obtained using in our calculations corresponding monopeak area ratios ( Table 1 ). The table shows that, at the same weight concentrations, the oligomer light scattering was 35 times larger than that of the dimer while the latter about 3 times larger than that of the monomer. The weight contributions of the kinase oligomer, dimer and monomer in the eluate at the exit from the column were 5.3, 81.5 and 13.2 % accordingly. Large contribution of the oligomer into the light scattering plot (Fig. 2 , B y curve 2) at relatively small weight fraction is the result of its very high light scattering level. These values together with the LCS data obtained for the individual kinase species at equi librium and the relative contributions d l of these species into light scattering (see up) allows to calcu late the relative content of the oligomers, dimers and monomers at equilibrium (Table 2) .
M r and RMS radius for different MLCK species. Fig. 3 shows the curves of molecular weight and root mean square (RMS) radius vs. elution coordinate which were calculated using Wyatt ASTRA and Wyatt EASI software. These curves have characteristic 5-like form. The data calculated in the elution interval of 5.5 to 7.0 ml are not reliable enough, especially for RMS radius, owing to the poor light scattering by the monomer particles. Due to the oligomer and dimer peaks overlapping in the 3 to 5 ml interval the calculations for each elution slice give weight-average molecular weights and weight-average RMS radii. These values change smoothly along the elution profile accordingly to the weight ratio change of the MLCK species.The characteristic feature of the curves given in Fig. 3 is a rapid growth of the molecular weight with a decrease in elution coordinate (by a factor of 102 in the interval of 5 to 3.6 ml, Fig. 3, A) at the relatively small RMS radius increase (22 to 80 nm, Fig. З, B) corresponding to such dramatic change of molecular weight.
Using the intervals of elution profile corres ponding to only single kinase species (Fig. 2, B) and calculation data presented in Fig. 3 we determined the molecular weights and RMS radii for the oligomer and dimer MLCK species (Table 3) . For the monomer we were able to calculate only M r because of its poor light scattering.
All the data given in Fig. 2 and 3 are obtained for the inactive kinase. However it is worth noting that kinase activation by binding to CaM at different apoenzyme to CaM ratios doesn't influence practically the elution profiles and the curves of the molecular weight and RMS radius vs. elution coordinate (Fig.  4) . This indicates that wt % ratio of the three kinase species remains nearly unchanged during the activa tion, which is in the agreement with the LCS data. The same was also confirmed in the experiments where CaM and kinase were syringed directly into the photometer flow cell immediately after their mixing in the presence of Ca 2+ (data not shown). A number of experiments were carried out with a CM-affinity column. In the presence of Ca 2+ ions MLCK binds to CaM covalently linked to the column matrix, and can be specifically eluted with a solution containing EGTA. Fig. 5 shows the elution profiles together with M T and RMS radius dependencies calculated. As clear from Fig. 5 , A, both elution profiles (UV-absorption, curve /, and light scattering, curve 2) nearly coincide indicating that the eluate practically contains a single kinase species. Fig. 5 , В suggests that this species corresponds to the oligomer with RMS radius of about 80 nm similar to the one eluted from the gel-filtration column. In contrast, M f Table 3 1.0 10' 4.0 Volume, ml Experiments with pause in the elution process. As indicated in Materials and Methods the volume of tubing connecting the gel-filtration column with the flow cell of Wyatt photometer (delay volume) was about 0.26 ml. This means that at the elution rate of 0.25 ml/min the portion eluating from the column must reach the cell in about 1 min. As could be seen from the above results the different MLCK species separated by the column remained nearly unchanged during this time. This means that mutual transition between these species at the approach to the equilib rium state is rather slow.
To have more detailed notion about the MLCK species stability we carried out a number of expe riments with the elution interruption. Fig. 6, A and B, shows the results of two such experiments with the pauses in the elution from the gel-filtration column at 4 and 5 ml. As can be seen in Fig. 2 , B, at the elution coordinate 5 ml practically pure dimer is eiuting from the column.
Therefore the elution pause in this point let us observe the process of dimer transition to the equi librium state with the formation of two other kinase species -monomer and oligomer. As Fig. 6 , A, shows this process continues for about 10 min indicating the stability of the dimer. The oligomer seems to be still more stable. Indeed, the elution pause at 4 ml, where eluate contains equal weight amounts of dimers and oligomer but light scattering is practically caused by oligomer species (Fig. 2, B) , gives the process of very slow decrease of light scattering intensity which indicates on the very slow transition of the oligomer to the other kinase species (Fig. 6, B) . Even after 20 min from the elution interaption the light scat tering intensity is reduced only by about 11 % which indicates the transition of only small amounts of oligomer into other kinase species during this time.
Discussion. The light scattering data obtained in this investigation show that in solution MLCK exists as the equilibrium mixture of the oligomeric, dimeric and monomelic species. The preliminary experiments (not given here) revealed that the polymer species percentage decreased at ionic strength increasing. At the ionic strength of 60 mM (original buffer AA) the kinase solution opalescences, which indicates a high amount of the oligomer species. Upon the addition of 300 mM NaCl to the buffer almost only dimer and monomer were present in the solution at the excess of the latter. The ionic strength of 160 mM chosen in our experiments turned out to be optimal for the distinct separation of the individual MLCK species, their percentage estimation in both equilibrium state and the eluate and for their properties investigation.
According to our data (Table 3) 
where the integration is over mass elements of the particle with respect to the center of its gravity. From (1) for rod-like particle we have
where L is the rod length. The axial ratio for MLCK dimer is 32 [19 ] . This indicates that at the axial ratio 19 for the kinase monomer its dimer length is 1.2 times less than double length of the monomer. Hence we may calculate RMS radius for the dimer R g = -(2L m /1.2)/2 = 24 nm. In our experiments we ob tained the close value of i? g = 22 nm (Table 3) . The above-mentioned authors have not discovered the oligomer species since their investigations were made at rather high ionic strength (0.2 M NaCl) and high sucrose concentration. These factors strongly reduce the ionic and hydrophobic interactions, which are mainly responsible for the supramolecular structure formation.
Taking into consideration relatively small in crease of the oligomer RMS radius with respect to that of the dimer (about 4-fold) at about 102-fold dif ference in their molecular masses (Fig. 3) we may suggest several models for the oligomer structure organization.
Ring structure^ where MLCK molecules are as sociated in head-to-tail fashion (Fig. 7, A) . It is not difficult to show using equation (1) that for the ring, thickness of which may be neglected, RMS radius is determined by the expression
where R and h are the ring radius and height respectively. Hence even at h = R/2 we have # g = -1.01Л, so in our reasoning we may suppose with sufficient accuracy that RMS radius of the MLCK ring structure (R g = 80 nm) is equal to its geometrical radius. Therefore at the association of the kinase molecules without overlapping the ring must contain (biR g /L m ) = 2л -80/50 « 10 molecules. At the mono mer molecular mass of 1.06 10 5 kDa the molecular mass of such ring structure must be Nf. ~ 10 6 Da. We obtained for MLCK oligomer M r° « 10 у Da (Table 3 ). This suggests that the ring structure must be turned up into a helix with a number of turns n = 10. At such number of turns and the MLCK monomer diameter equal 2.15 nm the helix height at the compact packing is supposed to be /1 = 2.15-10 = 22 nm. It must be noted that such helix structure is much closer to a spherical form than the rod-like monomer and dimer. It might be the reason why the oligomer size obtained by the LCS method (158 nm, see up) corresponds rather well to the size obtained by the Wyatt DAWN photometer measurements (D = 2R g° = 160 nm).
Rod-like structure may also account for the data obtained (Fig. 7, B) . Indeed at i? g° = 80 nm we may find from (2) the rod length L = 2V3R g°~ 280 nm, which at the monomer length 50 nm [19] correlates well with 6 kinase molecules (hexamer) arranged in line forming one «building unit». Molecular mass of the oligomer at the exit from gel-filtration column is M r° = 10 7 Da, which corresponds to about 100 mono mer molecules. Accordingly at the rod-like oligomer structure the last must contain about 17 such building units arranged in parallel. In the oligomer with M r° = Da at the exit from CaM affinity column (Fig. 5, A) there should be only four such building units with 6 molecules.
Spiral structure (Fig. 7, C) . The 6-molecule unit may be also interpreted as an extended spiral struc ture. From (1) we can get for a spiral
where R, c, N and H are radius, pitch, number of turns, and height of a spiral, respectively. Such 6-molecule spiral structure with R-10 nm and # = = 258 nm (Fig. 7, C ) fits well to smooth myosin filament with which the kinase is tightly associated.
We used this spiral structure model to interpret a possible location of the kinase molecules on myosin filaments in vivo (see details in [24] ). In solution such extended spiral structures should get together into the associates analogous to the above described rod-like model. In case of the rod-like or spiral structures it is reasonable to suggest that 6 molecule unit is a real oligomer and that the structures registered by light scattering are the aggregates formed by these unites. Attention should be paid to the strong increase in the supramolecular kinase species in eluate (Table 1) in comparison with their content in the equilibrium state ( Table 2 ). This may be explained by the fact that translational motility of eluting protein molecules in rather small cells of the column bed is restricted. Consequently the main entropy factor preventing the weak interactions, which are basically responsible for the formation of supramolecular structures [1 ] , is reduced essentially. Analogous role in restriction of translational motility of protein molecules must be fulfilled by cytoplasmic structures of living cell. The refore this experimental fact may point indirectly to a significant role of the oligomeric and dimeric species in vivo.
It is of interest to compare the results obtained at the elution pauses (Fig. 6) with the calculated data. At the elution interuption in the point 5 ml practically pure MLCK dimer is present in the eluate at the column outlet (Fig. 2, A) . Light scattering registration of the eluate portion, which reaches DAWN photo meter flow cell, begins in about 1 min from the moment of its exit from the column. Exponential extrapolation of the curve presented in Fig. 6 , A, to the moment of the eluate exit results in the original light scattering level (corresponding to the pure dimer) / 0 = 0.160. This curve goes up to the constant light scattering level 7 C = 0.215. So the gain of light scattering intensity must be Д/= [(0.215-0.160)/0.160]100 = 34 %. This level corresponds to the attainment of the equilibrium between three kinase species. It is not difficult to see that i-Xh kinase species gives contribution into light scattering (0.160-2?-6 і )/100 (see Table 2 ). Hence individual contributions for the oligomer, dimer and monomer must be 0.117, 0.085 and 0.025, respectively, which gives in sum the level of scattering at equilibrium 0.227. This corresponds to the total gain against the original level [(0.227-0.160) /0.160 ] 100 = 42 % which rather well agrees with the experimental value of 34 %. The discrepancy in these values may be due to some inaccuracy of the data obtained by the LCS method, which were used for calculation of values B 1 , not high accuracy of the determination of the mono-mer contribution d m into light scattering and possibly to some instability of DAWN photometer in the conditions of flow interaption. Fig. 6 shows that the MLCK oligomers and dimers are long living stable structures. We suppose that the oligomer assemblage goes through association of individual MLCK molecules in head-to-tail fashion. If the orientation of the MLCK molecules in the dimer was the same being the first step on the pathway of oligomer assembling it would be hard to understand why other intermediate forms such as trimer, tetramer etc. could not be discovered.
The most competent explanation of this ob servation is that the dimers of head-to-tail fashion are unstable, transitional, short-living species on the pathway of oligomer assembling while the long-living dimers discovered in solution are formed by the MLCK molecules associated in tail-to-tail or head-tohead fashion. Thus we can suppose that the most probable scheme of the mutual species transition is: Oligomer о Monomer Dimer and therefore the for mation of the dimer and oligomer species must go through the step of monomer.
Conclusions and remarks. The main results of our investigations are the following:
1. In solution under conditions close to phy siological the smooth muscle myosin light chain kinase exists as a mixture of monomers, dimers and oligomers. At equilibrium the contribution of these forms in weight percents is 45, 53 and 2, respectively. Such proportion of different kinase species is charac teristic for both apoenzyme and activated kinase. An important point is that supramolecular MLCK species in the eluate were strongly increased in comparison with their content in equilibrium state. The contri butions of the kinase oligomer, dimer and monomer in the eluate at the exit from gel-filtration column were 5.3, 81.5 and 13.2 wt. % accordingly. At the exit from CaM-affinity column we obtained practically pure oligomer. Such oligomer in comparison with the gel-filtration one had 3 times less M r and its time of transition to the equilibrium state was significantly less.
2. All three kinase species are characterized by prolonged lifetime. The transfer from the state of pure dimer into equilibrium state lasts about 10 min. The same is true for the oligomer at the exit from CaM-affinity column. But the oligomer with much greater M r (or more exactly oligomer aggregates) at the exit from gel-filtration column is much more stable and transfer from it to the equilibrium lasts for more extended time.
3. Oligomer is characterized by RMS radius R g ~ 80 nm. The oligomer structure may be presented as a helical ring containing about 10 kinase molecules per turn with a number of turns about 10 (data for gel-filtration column). Another possible and more realistic explanations of the data obtained involves the rod-like or spiral models according to which 6 kinase molecules arranged in line or prolonged spiral form a structural unit which must be a real oligomer (hexa mer). About 17 such structural units associated in parallel may form aggregates with molecular mass of about 10 7 kDa. The kinase elongated spiral hexamer fits well to the structure of smooth myosin filament with which the kinase is in close contact in vivo [25, 26] .
The possibilities of the light scattering methods used and peculiarities of their usage. a) LCS allows to discover particles with different molecular masses, find out their percent contribution into intensity of light scattering and determine the dimensions of spherical particles. For spherical parti cle the average diameter Z) av obtained by this method is equal to the diameter of hydrated molecule. In our case of rod-like particles £> av presents some average value which is far from real dimensions of these molecular forms. The most, which we could get by only this approach, was the quantity of particle species in solution, contribution of different species into light scattering and the fact that dimer dimension is twice that of the monomer. We were able to find out wt. % equilibrium distribution for different kinase species only by comparison the LCS data with the results of multi-angle light scattering analysis of the kinase eluate. b) Multi-angle light scattering photometry in conjunction with FPLC permited to determine mo lecular masses and RMS radii for the kinase dimer and oligomer (for monomer only RMS radius due to low light scattering), wt.% distributions of different species in eluate, specific (per mass unit) light scattering of different species (which together with the LCS data allowed to estimate weight ratio for different kinase species in equilibrium solution).
c) LCS and multi-angle light scattering used together give more complete information about the pattern of different particle distributions in solution and characterization of these particles.
d) The procedure of decomposition of mass sensitive and light scattering elution profiles into individual monopeaks used in this study for the first time enables more careful analysis of the data ob tained.
e) Interruption of elution at specified points used in this study allows to evaluate the time of transfer of different protein species to the equilibrium state.
